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HIGHLIGHTS 


•  Li4Ti50i2@Ce02  nanosphere  was  synthesized  by  a  one-pot  co-precipitation  method. 

•  Ce02  layer  enhances  the  electronic  conductivity  and  lithium  ion  diffusivity  in  Li4Ti50i2. 

•  Li4Ti50i2@Ce02  nanosphere  exhibits  excellent  rate  capability  and  cycling  stability. 
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Core— shell  Li4Tis0i2@Ce02  nanosphere  has  been  synthesized  by  a  one-pot  co-precipitation  method.  The 
structure  and  morphology  of  the  as-prepared  materials  have  been  analyzed  by  X-ray  diffraction  and 
transmission  electron  microscopy.  The  results  show  that  Ce02  is  successfully  coated  on  the  surface  of  the 
Li4Ti50i2  besides  partial  doping  of  Ce4+  into  the  Li4Ti50i2  structure.  The  Li4Ti50i2@Ce02  nanosphere 
exhibits  excellent  capacity  of  152  mAh  g-1  even  after  180  cycles  at  10  C,  with  no  noticeable  capacity 
fading.  Furthermore,  the  sample  shows  much  improved  rate  capability  at  40  C  compared  with  pure 
Li4TisOi2  when  used  as  anode  material  for  lithium-ion  batteries.  The  introduction  of  Ce02  enhances  not 
only  the  electric  conductivity  of  Li4TisOi2,  but  also  the  lithium  ion  diffusivity  in  Li4TisOi2,  resulting  in 
significantly  improved  electrochemical  performance  of  the  Li4TisOi2. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  well  known  that  lithium-ion  batteries  (LIBs)  have  higher 
energy  density,  suitable  design  for  portable  applications,  and 
longer  lifetimes  than  comparable  battery  technologies  [1]. 
Graphite-based  materials  have  been  generally  applied  as  anode 
materials  in  LIBs  for  many  portable  electric  devices  [2].  However, 
these  LIBs  containing  graphite-based  anodes  suffer  from  safety 
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problems  [3].  There  have  been  ongoing  research  efforts  to  search 
for  alternative  materials  to  carbonaceous  anodes.  Among  the  vari¬ 
ety  of  alternative  materials,  spinel  lithium  titanate  (Li4Ti50i2)  has 
drawn  extensive  attention  as  one  of  the  most  promising  anode 
material  candidates  for  LIBs  [4],  due  to  its  advantageous  features 
compared  with  conventional  graphite-based  anodes.  Li4Ti50i2  of¬ 
fers  a  flat  voltage  plateau  close  to  1.55  V  (vs.  Li+/Li),  which  is  beyond 
the  reduction  potential  of  most  organic  electrolytes,  so  that  the 
formation  of  solid  electrolyte  interphase  (SEI)  could  be  avoided, 
which  offers  a  great  improvement  in  safety  [5,6].  Furthermore, 
spinel  Li4Ti50i2  is  a  zero-strain  insertion  material,  which  exhibits 
negligible  volume  change  during  the  Li+  insertion/desertion  pro¬ 
cesses,  resulting  in  excellent  cycling  performance  [7].  What’s  more, 
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the  thermal  stability  plays  an  important  role  in  the  safety  of  LIBs, 
the  high  thermodynamic  stability  of  spinel  Li4Ti50i2  is  better 
appropriate  for  application  in  high  power  energy  storage  [8].  The 
low  electrical  and  ionic  conductivity  of  Li4Ti50i2  can  lead  to  poor 
high  rate  performance,  however,  that  hinders  its  commercial 
application  [9,10].  In  an  attempt  to  overcome  this  serious  drawback, 
many  strategies  have  been  applied  to  improve  the  high  rate  capa¬ 
bility  of  LLfTisO^,  including  enhancement  of  its  electric  conduc¬ 
tivity  by  doping  with  foreign  atoms  [11-21  ,  synthesis  of 
nanostructured  LUTisO^  materials  with  various  morphologies 
[22-25],  and/or  surface  coating  with  a  more  conductive  material 
[26,27].  Cheng  et  al.  [27]  prepared  carbon-coated  nanostructured 
LUTisO^  through  the  chemical  vapor  decomposition  method 
combined  with  solid-state  reaction.  Zhu  et  al.  [28]  synthesized 
carbon-coated  nanosized  LUTisO^  by  treating  Ti02  and  sugar  at 
600  °C  for  5  h  under  flowing  N2,  and  then  combined  it  with  a  spray 
drying  method,  followed  by  annealing  the  products  at  800  °C  for 
10  h  under  flowing  N2.  Li  et  al.  [29  prepared  N-doped  carbon 
coated  Li4Ti50i2  by  a  complex  solution  method.  Carbon-based 
coatings  can  enhance  the  electric  conductivity  and  promote 
charge  transfer  reactions,  and  this  method  has  been  successfully 
used  to  improve  the  rate  capability  of  LLfTisO^.  Due  to  the  complex 
preparation  procedures,  however,  great  efforts  have  also  spent  on 
other  alternative  coatings  in  order  to  achieve  excellent  rate  per¬ 
formance  and  cycling  stability. 

Due  to  the  direct  and  fast  transformation  between  Ce  (III)  and  Ce 
(IV),  ceria  (CeC^)  has  good  electrical  conductivity  and  is  one  of  the 
more  favorable  anode  candidates  for  LIBs  [30-33].  Ce02  has  already 
been  used  as  a  coating  material  for  improving  the  electrochemical 
performance  of  cathode  materials,  such  as  in  LiCo02  and  LiMn204 
electrodes  [34,35].  To  the  best  of  our  knowledge,  however,  there 
have  been  no  reports  on  Ce02-coated  LLfTisO^  composite  as  yet. 

In  this  work,  core— shell  Li4Ti50i2@Ce02  nanosphere  was  pre¬ 
pared  by  a  one-pot  co-precipitation  method,  and  the  electro¬ 
chemical  performance  and  structure  of  the  sample  was 
systematically  investigated.  The  results  show  that  Ce02  is  suc¬ 
cessfully  coated  on  the  surface  of  the  LUTisO^  besides  partial 
doping  of  Ce4+  into  the  Li4Ti50i2  structure.  In  addition,  the 
Li4Ti50i2@Ce02  composite  exhibits  excellent  cycling  stability  at  the 
high  rate  of  10  C  and  outstanding  rate  capability,  which  are  much 
improved  relative  to  pure  Li4Ti50i2.  Compared  with  the  other 
coated  Li4Ti50i2  composites  [28,29],  the  Li4Ti50i2@Ce02  composite 
shows  even  better  rate  performance.  Moreover,  our  fabrication 
method  is  simple  and  can  be  easily  scaled  up,  the  facile  one-pot 
synthesis  would  have  better  potential  in  future  mass  production 
than  the  commonly  applied  complicated  coating  procedures. 

2.  Experimental 

2.1.  Synthesis 

The  core-shell  Li4Ti50i2@Ce02  nanosphere  was  synthesized  by 
a  one-pot  co-precipitation  procedure.  Typically,  12  mL  of  tetrabutyl 
titanate  was  thoroughly  mixed  in  ethanol  to  form  a  faint  yellow 
homogeneous  solution.  Then,  1.208  g  Li0HH20  and  0.1525  g 
Ce(N03)3  -6H20  were  thoroughly  dissolved  in  deionized  water,  by 
being  slowly  dropped  into  the  yellow  solution  under  vigorous 
stirred.  The  yellow  transparent  solution  gradually  turned  into  a 
white  suspension.  The  mixture  was  stirred  for  24  h,  and  then  dried 
at  100  °C  to  fully  remove  the  solvent,  with  subsequent  heating 
to  600  °C  for  5  h  in  air.  Excess  Li  was  used  to  compensate  for  the 
volatilization  of  Li  at  high  temperature.  The  product  was  denoted  as 
LTO-CR.  For  comparison,  pure  LLfTisO^  material,  which  was 
denoted  as  LTO,  was  prepared  by  the  same  procedure  without  the 
addition  of  Ce(N03)3  -6H20. 


2.2.  Structural  characterization 

The  crystal  structures  of  the  two  samples  were  examined  by  X- 
ray  diffraction  (XRD:  Bruker  D8  Advance  equipped  with  Cu  Ka  ra¬ 
diation).  The  morphologies  of  the  two  samples  were  characterized 
by  transmission  electron  microscopy  (TEM:  H-600,  Hitachi,  Japan). 
Rietica  ver.  1.77  [36]  was  employed  to  perform  Rietveld  analysis  of 
the  XRD  data  of  the  two  samples.  The  optimized  parameters 
included  the  background  coefficients,  zero-shift,  peak  shape  pa¬ 
rameters,  phase  of  the  lattice,  oxygen  positional  parameters,  and 
isotropic  atomic  displacement  parameters.  The  figures  of  merit  for 
the  refinement  included  the  Bragg  statistical  reliability  factor  (RB) 
and  the  weighted  profile  factor  (Rwp). 

2.3.  Electrochemical  characterization 

The  working  electrodes  were  prepared  by  first  making  the 
anode  slurry  by  thoroughly  mixing  the  active  material,  acetylene 
black,  and  poly  (vinylidene  fluoride)  at  a  weight  ratio  of  75:15:10  in 
N-methyl  pyrrolidinone  solvent.  The  mixture  was  pasted  on  pure 
Cu  foil  and  dried  at  110  °C  in  a  vacuum  oven  for  12  h.  Coin-type  cells 
(2032)  were  assembled  with  a  solution  of  1  M  LiPF6  in  a  1:1  (vol¬ 
ume  ratio)  mixture  of  ethylene  carbonate  and  dimethyl  carbonate 
as  the  electrolyte,  a  Celgard  2300  microporous  polyethylene 
membrane  as  the  separator,  and  a  lithium  disk  as  the  counter 
electrode.  All  the  cells  were  assembled  in  an  argon-filled  glove  box, 
where  the  water  and  oxygen  concentrations  were  kept  at  less  than 
5  ppm.  Charge-discharge  tests  were  carried  out  using  a  battery  test 
system  (CT2001  A,  Land,  China)  in  the  voltage  range  of  1.0-3.0  V  (vs. 
Li+/Li).  Cyclic  voltammograms  (CVs)  were  collected  in  the  voltage 
range  of  1.0-3.0  V  using  a  CHI660D  electrochemical  workstation 
with  a  scan  rate  of  0.1  mV  s_1.  Electrochemical  impedance  spec¬ 
troscopy  (EIS)  was  conducted  on  a  Zahner  Elektrik  electrochemical 
workstation  in  the  frequency  range  of  10_1— 105  Hz,  with  an  applied 
DC  potential  that  was  equal  to  the  open  circuit  voltage  of  the  cell 
and  an  AC  oscillation  of  5  mV.  All  the  electrochemical  tests  were 
carried  out  at  room  temperature. 

3.  Results  and  discussion 

XRD  patterns  for  LTO  and  LTO-CR  are  shown  in  Fig.  1,  in  which 
the  XRD  peaks  of  Ce02  are  denoted  by  (*).  All  the  diffraction  peaks 
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Fig.  2.  Rietveld-refined  fits  using  XRD  data  of  (a)  LTO  and  (b)  LTO-CR.  The  inset  to  (a) 
shows  the  Li4Ti5Oi2  unit  cell. 


of  LTO  can  be  readily  indexed  to  the  spinel  Li4Ti50i2  phase  (space 
group  Fd3m,  JCPDS  Card  No.  49-0207)  [23  ,  and  no  obvious  impu¬ 
rity  phase  can  be  detected.  The  XRD  pattern  of  LTO-CR  is  assigned  to 
two  crystalline  phases,  corresponding  to  standard  data  for  spinel 
Li4Ti50i2  (JCPDS  No.  49-0207)  and  Ce02  (JCPDS  No.  34-0394)  [30]. 

Fig.  2  shows  the  refinement  plots  based  on  the  XRD  data  of  the 
Li4Ti50i2  samples,  starting  from  a  previously-published  structural 
model  -  a  cubic  structure  with  space  group  Fd3m  [37,38].  It  is  found 
that  the  pristine  Li4Ti50i2  has  a  smaller  lattice  parameter  of 
8.3578(6)  A  than  that  of  Ce02-coated  one  (8.3622(2)  A).  In  addition, 


a  small  amount  of  CeC^  (Fm3m,  1.6(1)  wt.%)  was  also  detectable  in 
the  Ce02-coated  sample.  The  smaller  detected  amount  of  CeC^  may 
suggest  that  Ce4+  ions  are  partially  substituted  into  the  Li4TisOi2 
structure,  and  hence  expand  the  lattice  due  to  the  larger  ionic 
radius  of  Ce4+  (coordinate  number  (CN)  =  6, 0.87  A),  which  is  larger 
than  the  corresponding  radii  for  Ti4+  (CN  =  6,  0.61  A)  and  Li+ 
(CN  =  6,  0.76  A).  Moreover,  the  32e-site  oxygen  position  of  pristine 
Li4TisOi2  is  0.23822  (x  =y  =  z),  whereas  that  of  the  coated  sample  is 
0.23712(1).  From  this  point  of  view,  in  comparison,  the  Coulombic 
attraction  between  Ti  (Ce)  and  O  is  smaller  in  the  pristine  sample, 
but  larger  in  the  coated  sample,  suggesting  better  lithium  diffu- 
sivity  (weaker  Li-0  bonding)  in  the  coated  sample. 

Fig.  2(b)  contains  the  laboratory  XRD  pattern  of  the  as-prepared 
Li4Ti50i2@Ce02  composite,  together  with  the  profile  that  was  fitted 
using  the  Fd3m  structure  for  Li4TisOi2  and  the  Fm3m  structure  for 
Ce02.  The  crosses  (+)  represent  the  experimental  data,  the  red 
solid-line  is  the  calculated  pattern,  the  green  line  is  the  difference 
between  the  experimental  data  and  the  calculated  pattern,  and  the 
yellow  and  blue  bars  at  the  bottom  show  the  Bragg  positions  of  the 
reflections. 

Fig.  3  presents  TEM  images  of  LTO  and  LTO-CR.  It  can  be  seen 
from  Fig.  3(a)  that  the  morphology  of  LTO  is  irregular  and  aggre¬ 
gated  seriously.  When  the  Ce02  is  coated  on  LTO,  the  morphology  of 
the  particles  becomes  spherical  and  less  agglomeration  (as  shown 
in  Fig.  3(b)).  Spheres  with  the  size  ranging  from  40  nm  to  140  nm, 
and  the  thickness  of  Ce02  on  the  surface  of  the  Li4Ti50i2  particles  is 
around  8—15  nm.  The  results  show  that  the  formation  of  Ce02  in¬ 
hibits  the  aggregation  of  the  Li4Ti50i2  particles,  to  facilitate  the 
formation  of  core-shell  Li4Ti50i2@Ce02  nanosphere.  Spherical 
morphology  has  advantageous  features  with  packing  efficiencies 
and  high  volumetric  specific  energy,  which  has  promising  in 
commercial  applications  [39]. 

Fig.  4  shows  CVs  of  the  LTO  and  LTO-CR.  The  CVs  of  both  samples 
show  one  pair  of  redox  peaks,  but  compared  with  the  LTO,  the 
current  peaks  of  the  LTO-CR  are  much  higher.  The  redox  peaks  at 
about  1.67/1.43  V  for  LTO  and  1.66/1.49  V  for  LTO-CR  correspond  to 
the  two-phase  charge— discharge  reaction  of  the  Ti3+/Ti4+  redox 
couple  [40,41  .  The  potential  difference  between  the  anodic  and 
cathodic  peaks  for  the  LTO-CR  relative  to  the  LTO  electrode  de¬ 
creases  from  0.24  to  0.17  V.  This  decrease  in  potential  difference  can 
be  ascribed  to  the  effective  electrical  conductivity  in  the  Ce02  layer 
[32]  and  better  lithium  diffusivity  (weaker  Li-0  bondings)  in  the 
coated  sample.  In  addition,  the  redox  peaks  at  about  1.30/1.20  V  for 
Ce02  are  not  detectable  [42],  possibly  due  to  the  low  content  of 
Ce02  (1.6(1)  wt.%  in  the  composite).  The  Ce02  coating  did  not 


Fig.  3.  TEM  images  of  the  as-prepared  materials:  (a)  LTO,  (b)  LTO-CR. 
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Fig.  4.  Cyclic  voltammograms  of  LTO  and  LTO-CR. 


change  the  intrinsic  properties  of  Li4Ti50i2  in  this  voltage  range,  but 
it  does  produce  good  electrical  contact  that  facilitates  charge 
transfer  [34]. 

Fig.  5  displays  the  charge-discharge  voltage  profiles  of  LTO  and 
LTO-CR  at  0.2  C  (at  the  first  cycle).  Similar  to  LTO,  the  charge  and 
discharge  curves  of  LTO-CR  show  only  one  clear  plateau.  The  initial 
discharge  capacity  of  the  LTO-CR  is  186.6  mAh  g-1  at  0.2  C,  which  is 
higher  than  that  of  LTO  (173.3  mAh  g-1),  and  even  higher  than  the 
theoretical  capacity  of  spinel  Li4Ti50i2  (175  mAh  g-1).  Bai  et  al.  [13] 
and  Yi  et  al.  [16]  reported  that  the  increased  capacity  may  be 
attributed  to  lattice  distortion  induced  by  the  substitution  of  doped 
ions  for  Ti4+  and/or  Li+.  Rietveld  analysis  of  XRD  data  in  this  work 
illustrates  the  partial  Ce4+  dope  into  the  Li4Ti50i2  structure,  expand 
the  lattice  due  to  the  larger  ionic  radius  of  Ce4+  (coordinate  number 
(CN)  =  6,  0.87  A),  which  is  larger  than  the  corresponding  radii  for 
Ti4+  (CN  =  6,  0.61  A)  and  Li+  (CN  =  6,  0.76  A).  The  substitution  of 
Ce4+  may  be  responsible  for  increasing  of  the  initial  capacity  of  the 
LTO-CR.  Furthermore,  the  inset  presents  the  voltage  difference 
between  the  charge  and  discharge  plateaus.  It  can  be  seen  that  the 
AV  of  the  LTO-CR  (27  mV)  is  smaller  than  that  of  LTO  (35  mV), 


Fig.  5.  Charge-discharge  curves  of  LTO  and  LTO-CR,  with  the  inset  showing  a 
magnification  of  the  indicated  region. 


indicating  that  the  polarization  of  the  LTO-CR  electrode  is  sup¬ 
pressed  by  the  Ce02  coating  [43]. 

Fig.  6  displays  the  discharge  capacity  vs.  cycle  number  and 
coulombic  efficiency  for  LTO  and  LTO-CR  between  1.0  and  3.0  V  at 
10  C.  LTO-CR  exhibits  an  excellent  discharge  capability 
(152  mAh  g-1)  with  no  obvious  capacity  fading  up  to  180  cycles, 
which  is  much  higher  than  that  of  LTO  at  119  mAh  g-1.  In  addition, 
the  coulombic  efficiency  of  both  samples  is  similar,  initial 
coulombic  efficiency  of  LTO-CR  (99%)  at  10  C  is  higher  than  that  of 
LTO  (98%),  which  indicated  that  Ce02  coating  reduces  the  polari¬ 
zation  of  the  LTO-CR  electrode.  The  samples  keep  high  coulombic 
efficiency  ( ~  100%)  at  all  cycling,  due  to  Li4Ti50i2  is  SEI  free  material 
during  charge-discharge  above  1.0  V  [8,16],  indicating  that  the 
electrochemical  process  of  Li+  insertion/desertion  is  reversible 
even  at  high  current  density  [29].  The  significant  improvement  in 
electrochemical  performance  of  the  LTO-CR  electrode  can  be 
attributed  to  the  improvement  of  electrical  conductivity  and 
lithium  ion  diffusion  through  the  Ce02  coating. 

Furthermore,  the  LTO-CR  exhibits  better  rate  performance 
compared  to  LTO.  The  cells  were  progressively  charged  and  dis¬ 
charged  in  a  series  of  stages  with  increasing  current  rate  from  0.2  to 
40  C.  As  shown  in  Fig.  7,  the  capacity  of  LTO  decreases  dramatically 
above  20  C,  while  the  capacity  of  the  LTO-CR  electrode  decreases 
much  more  slowly  at  the  same  rate.  Remarkably,  LTO-CR  can  deliver 
a  specific  capacity  of  128.4  mAh  g-1  at  40  C,  while  LTO  displays  the 
specific  capacity  of  79.7  mAh  g_1.  The  rate  performance  of  LTO-CR  is 
much  better  compared  to  the  reported  data  [15,25,28,29].  The 
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Fig.  8.  Electrochemical  impedance  spectra  of  LTO  and  LTO-CR,  with  the  inset  showing 
equivalent  circuit  model  used  for  the  fitting. 


Li4Ti5_xWxOi2  (x  =  0, 0.05, 0.1, 0.15  and  0.2)  prepared  by  Zhang  et  al. 
[15]  presented  a  discharge  capacity  of  110.4  mAh  g-1  at  20  C.  Shen 
et  al.  [25]  designed  and  fabricated  self-supported  LUTisO^  nano¬ 
wires  that  exhibited  121  mAh  g-1  at  30  C.  Zhu  et  al.  [28]  reported 
the  synthesis  of  carbon  coated  nanosized  Li4TisOi2,  which  showed  a 
specific  capacity  of  126  mAh  g-1  at  20  C.  The  N-doped  carbon 
coated  Li4Ti50i2  fabricated  by  Li  et  al.  [29]  exhibited  a  discharge 
capacity  of  123  mAh  g-1  at  30  C.  Compared  to  the  published  results, 
the  electrochemical  performance  of  LTO-CR  is  even  better,  indi¬ 
cating  that  Ce02  coating  could  be  a  simple  and  effective  way  to 
improve  the  rate  performance  of  LTO  electrodes,  and  the  Ce02 
coating  can  significantly  improve  the  electrochemical  kinetics  of 
LTO-CR  electrodes. 

The  much  improved  electrochemical  performance  of  the  LTO-CR 
could  be  explained  as  follows:  Firstly,  TEM  data  shows  that  the 
Ce02  coating  layer  prevents  aggregation  between  active  particles, 
facilitating  formation  of  LTO-CR  nanoparticle,  the  electrolyte  can 
permeate  easily,  which  will  accelerate  the  electrochemistry  reac¬ 
tion.  Interestingly,  LTO-CR  shows  excellent  rate  performance 
because  nanostructure  can  improve  kinetic  performance  [28,44]. 
What’s  more,  spherical  morphology  also  improves  the  electrode 
performance  owing  to  the  length  of  the  diffusion  pathway  is 
significantly  shortened  [39].  Secondly,  Ce02  has  good  electrical 
conductivity,  which  enhances  the  total  electrical  conductivity  of  the 
LTO-CR  composite  electrodes.  In  addition,  the  Ce02  coating  layer 
can  restrain  the  resistance  increase  during  the  charge-discharge 
process  [32].  Thirdly,  Rietveld  analysis  of  XRD  data  illustrates  the 
partial  doping  of  Ce4+  into  the  Li4Ti50i2  structure  may  enhance 
lithium  diffusivity  and  facilitate  charge  transfer  reactions,  espe¬ 
cially  at  high  current  densities. 

To  clarify  the  effects  of  the  Ce02  coating  on  the  electrochemical 
properties  of  LLjTisO^,  the  resistance  and  the  electrochemical  re¬ 
action  properties  of  the  electrodes  were  further  measured  by  EIS,  as 
shown  in  Fig.  8.  The  two  Nyquist  plots  consist  of  one  high  to  me¬ 
dium  frequency  semicircle  and  one  low  frequency  straight  line.  The 
high  to  medium  frequency  semicircle  is  mainly  related  to  the 
charge  transfer  resistance  45].  The  low  frequency  straight  line 
indicates  the  Warburg  impedance  caused  by  Li+  diffusion  within 
the  electrode  material  [12,21,44].  The  EIS  are  fitted  using  the 
equivalent  circuit  shown  in  the  inset  of  Fig.  8.  In  this  equivalent 
circuit,  Rs  and  Rc t  are  the  resistance  of  electrolyte  15,19,37,44]  and 
the  charge  transfer  resistance  [15],  respectively;  CPE  reflects  the 
interfacial  capacitance  [14];  W  represents  the  Warburg  impedance. 


Rct  relies  on  the  electronic  and  ionic  conductivity  [46].  The  fitted 
results  of  as-prepared  materials  by  EIS  are  tabulated  in  Table  1. 
Apparently,  the  charge  transfer  resistance  of  LTO-CR  is  smaller, 
which  is  beneficial  for  the  enhancement  of  the  conductivity  and  the 
kinetic  behavior  [15]. 

To  further  confirm  this  result,  the  lithium  ion  diffusion  coeffi¬ 
cient  is  calculated  by  the  following  equation  [14,16,47,48]. 


r2t2 

(1) 

-  2An4F4C2a2 

.  =  Rs+Rc  t  + 

(2) 

where  D  is  Li+  diffusion  coefficient,  T  is  the  room  temperature 
(298  I<),  R  is  the  gas  constant  (8.314  J  mol-1  K-1),  A  is  the  surface 
area  of  the  electrode  (1.13  cm2),  n  is  the  number  of  electrons  during 
in  the  half-reaction  of  the  redox  couple  (equal  to  1)  [48],  F  is  the 
Faraday  constant  (96500  C  mol-1 ),  C  is  molar  concentration  of  Li+  in 
solid  (4.37  x  1CT3  mol  cm-3)  [48],  oj  is  the  angular  frequency,  and  a 
is  the  Warburg  impedance  coefficient,  which  is  relative  to  Zre  (real 
part  of  the  impedance)  through  Equation  (2).  And  the  value  of  a  can 
be  calculated  from  the  slope  of  the  lines  between  Zre  and  w-0  5  in 
Fig.  9.  The  Li+  diffusion  coefficient  values  are  given  in  Table  1,  where 
we  can  find  that  LTO-CR  has  larger  Li+  diffusion  coefficient  than 
LTO.  In  summary,  the  Li4Ti50i2@Ce02  nanosphere  enhance  Li+ 
diffusion  coefficient  and  facilitate  the  charge  transfer  reactions 
during  charge-discharge  process,  with  both  of  these  positive  ef¬ 
fects  contributing  to  the  improved  electrochemical  performance  of 
LTO-CR  electrode  compared  to  LTO. 

4.  Conclusions 

Core-shell  Li4Ti50i2@Ce02  nanosphere  was  successfully  syn¬ 
thesized  by  a  facile  one-pot  co-precipitation  method.  The 
Li4Ti50i2@Ce02  nanosphere  exhibits  excellent  cycling  stability  at 


Table  1 

Fitted  results  of  as-prepared  materials  by  EIS. 


Samples 

RsW 

Rct  (0) 

a  (O  s"0-5) 

D  (cm2  s— 1) 

LTO 

2.74 

76.67 

162.11 

5.52  x  10"14 

LTO-CR 

2.39 

60.81 

103.53 

1.35  x  IQ"13 
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Fig.  9.  Real  parts  of  the  complex  impedance  versus  w  0  5  at  low  frequency  region  for 
LTO  and  LTO-CR. 

the  high  rate  of  10  C  and  outstanding  rate  performance  as  anode 
material  for  lithium-ion  batteries.  The  results  demonstrate  the 
feasibility  of  Ce02  as  an  alternative  coating  to  improve  the  elec¬ 
trochemical  performance  of  LLfTisO^  at  high  current  density.  The 
present  synthesis  technique  for  the  LUTisO^CeCQ  composite, 
compared  to  the  commonly  applied  complicated  coating  pro¬ 
cedures,  would  have  great  potential  in  future  mass  production. 
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